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1.

INTRODUCTION
The function or t he adrenal glands has given

rise to much specul�tion since the tirst discovery ot

these organs by Eustachio 1n 1563 (1).
the idea that the glands produced the

Influenced by

1 black

bile" be

cause he round cavitations tilled with decomposed black

ish blood, B&rthalinus introduced the .term, Oapsulae

Atrobiliarae (2).

The glandular nature of this organ

was impressed upon Barthal1nus by what he thought was

an excretory duct but what was actually one or the major

adrenal blood vessels.

Among the many tancitul specu

lations indulged in to express the function or these

mysterious organs, it was assumed that they were con-

, cerned with the formation ot skin pigment, tor the

adrenals were claimed to b e larger in negroes than in

white men (3).

The foundation or our present knowledge con

cerning the function or the adrenals was laid by the

studies or the embryologiatk who showed that the adrenal
gland consisted or t wo distinct tissues, one nervous in

origin, the other mesodermal, and these corresponded to
separate organs in the lower �ertebrates (4).

Investigations concerning the function ot the

adrenals actually started with Addison, who connected
'
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the clinical syndrome known by his name with gross anatomical changes in the ad~enal.

Addison concluded that

destruction of the adrenals or deficiency of their
function was responsible for the syndrome (5).
Once attention was directed toward the adrenal
glands, experimental work was soon undertaken to determine their physiological activities.

Surgical removal

of the adrenals, first attempted by Brown-Sequard,

· proved their vital importance for bilateral adrenalectomy invariably leads to death (6).
The promising experimental work soon turned to
a less fertile field; the discovery of adrenalin and its
secretion by the medullary tissue was definite evidence
of excretory activity (7), and it is understandable that
the attention of all investigators thereafter was focus ed upon the nervous component of the adrenals and the
vital importance of these organs was attributed to the
secretion ot adrenalin.

In those days the cortex was

pretty much neglected and not much thought given to its
internal secretion.

Nevertheless, postmortem findings

in Addison's disease called attention to the atrophy or
destruction or the cortex in contrast to the rather wellpreserved medullary tissue, indicating that the cortex
played least an important part in the production of the
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Addisonian symptoms.

During the period in which the

supremacy of the adrenal medulla prevailed in the minds
of clinicians and physiologists, an enormous amount of
experimental work was contributed which, except for some
of its pharmacological aspects, has become obsolete and
is of historical interest only.

Upon the · failure of the

adrenalin theory to explain the clinical mnifestations
associated with ad.renal disease, the physiologists produced increasing evidence to shake the foundation of the
"medullary 11 era.

This went so far that doubts arose

whether medullary secretion was of any significance at
all or whether it should be nelegated merely tottle role
of an emergency factor, in the sense of Cannon and his
co-workers.
Discovery of the cortical hormone in 1927
opened a new period of investigation which led to the
recovery of more potent extracts and eventually to the
chemical identification of some of its constituents.
Hand in hand with the accumulation of new experimental
data and clinical observ.ations, there appears to be an
ever widening field of physiological activity ascribed
to the adrenal cortex.

Fifteen years ago we knew only

that the cortex was indispensable to life; now we begin
to understand that the function of the cortex affects
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many aspects of metabolism and it is so closely interwoven with the function of the other endocrine glands
that it is almost impossible to determine the full scope
of adrenal cortical activity.
In order to get a clearer picture of adrenal
cortical physiology, we shall discuss separately the
effects of the adrenal cortex on various phases of metabolism.

The correlation between the cortex and . other

glands of internal secretion will be dealt with separately.

5.

ADRENAL CORTEX IN RELATION TO SALT AND WATER METABOLISM
We shall take up first the function of the
adrenal cortex in the regulation ot salt and water metabolism, for the derangement of salt and water balance
was one of the earliest disturbed functions to be observed
in adrenalectomized animals and in patients suffering from
destructive lesions of the suprarenal cortex.

There is a

great volume of experimental observation amassed on this
subject in the literature, though many of the basic
mechanisms which underly these processes are _still largely speculative.

It shall be our purpose herein to review

the experimental ·knowledge derived from adrenaleotomy,
the use of cortical extracts, and clinical observations
in cases of adrenal disease.

From these facts we shall

attempt to formulate a working mechanism by which the
adrenal exerts its effects on salt and water metabolism.
Inability to retain salt and water was early
recognized as one of the chief causes of the animal's inability to sustain himself after adrenalectomy.

There

are many problems involved, however, in the meehanics of
this process.

There is the question of permeability; the

regulation of the now of water and exchange of ions between the intracellular and extracellular sources, retention of salt and water within the circulation, and prevention of accumulation in inact'ive places within the
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body are also a part of this problem.

The question of

renal function is at least partly dne of permeability,
although the resorption of the glomerular filtrate by
the tubular epithelium depends upon other intracellular
forces which, Just like the function of other glandular
organs, are impaired in adrenal insufficiency.

The

migration of potassium from the cells into the plasma
is a significant complication, for the loss of potassium
from the cells would seem to be detrimental to their
function, while the increased concentration of potassium
in the plasma will be shown to produce toxic effects.
Finally, the loss of water entails difficulties in blood
circulation and heat regulation wh ich add further com1

plicating features.
Dehydration as a feature of adrenal insufficiency was first observed by Gradinescu in 1913 (g); it
has since been confirmed by numerous other workers.
Zwemer (9), observed, in 1927, that cats with adrenal insufficiency had "many symptoms that coincided with those
of anhydremia.

There is a rapid weight loss, the skin

becomes gray, dry and wrinkled, and loses its elasticity;
the mucous membranes become dry and lusterless; the extremities are cold, although the rectal temperature may
be high".
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MacMahon and Zwemer (10), reported in 1929
the fact that "the body is dehydrated, the surfaces of
the peritoneal cavity, though smooth, lack their usual
sheen.

The liver and spleen are moderately congested,

and the blood that flows from the freshly out surfaces
is unusually viscid;" and that the symptoms of experimental adrenal insufficiency include "asthenia, anorexia,
dehydration with loss of tissue turgor , decreased or
stagnated peripheral circulation and early coldness of
the extremities".
Viale and Bruno stated that the blood concentration in dogs is due to a loss of plasma and suggested
increased vascular permeability as an explanation (11).
A few years later, in studying the relationship of adrenal insufficiency to anaphylactic shock, Wyman and Tum
Suden found as high as 40 percent decrease in plasma
volume ( 12).
It was generally agreed at that time that loss
of water occurs in adrenal insufficiency, and amelioration
of symptoms by administration of fluids has been reported
by a number of investigators with varying success (13,
14).

In addition to the water loss, studies on the
blood chemistry of adrenal insufficiency showed that
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certain other conttttuents decrease per unit volume of
blood, in spite of the general concentration.

Bauman,

Kurland, Hartman and numerous others since have shown
that high NPN, low chloride and low CO2-combining power
values were obtained (15, 16).

Studies on the blood

electrolytes were then necessary as it was important to
know whether the loss in CO2-combining power was due to
increase in acid or to a loss of base.

In a condition

of compensated acidosis there is an excretion o~ bicarbonate as alveolar CO2 with release of the basic ion
which is then combined with the nonvolatile acid until
the latter can be excreted.

A more common type of re-

duction in alkaline reserve is that produced by an actual loss of base.
Swingle (17), in 1927, said in regard to sodium,
"it soon became evident that this substance remained practically unchanged after adrenal extirpation.

In general

a slight drop in the serum sodium occurred, but the decrease is not of sufficient magnitude to warrant serious
consideration.

We did not anticipate any change in the

sodium content of the blood, since the level of this substance is not known to vary greatly in any pathological
condition".
However, the conclusions of Swingle were shown
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to be without foundation by great masses of experimental
work.

A marked loss of blood sodium was shown to occur

after adrenal removal by Bauman and Kurland (15), Mao
Lean and Zwemer (lg), Loeb (19), and numerous others.
They have also shown a definite decrease in the blood
chlorides and a rise in serum potassium. ·
This rise in serum potassium completes the important changes of the blood electrolytes.

The concen-

tration of plasma potassium in dogs dying of adrenal insufficiency is as high as that of dogs dying of potassium chloride poisoning (20).

In the cat, the normal

blood level of potassium ls 19.9 mgs. percent; it rises
in adrenal 1nsuffic1enoy to 29.9 mgs. percent.

Normal

cat~ given repeated 1ntraper1toneal 1nJeotions of 10 percent potassium chloride exhibit symptoms comparable to
adrenal insufficiency as soon as the blood potassium
level reaches 30 mgs. percent, while sudden death ensues
if values of 60 mgs. percent are attained.

In the ad-

renaleotomlzed oat death results within a short time
after a single 1nJeot1on of potassium chloride, not exceeding one-fifth of the ordinary lethal dose.

Feeding

insufficient animals with high potassium diet also aggravates their condition (21).

Observations in Addisonian

patients have corroborated these findings and revealed
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the presence of low blood chloride and sodium and high
potassium values.

Conversely, low plasma potassium is

noted in hypercortical conditions with corresponding alkalosis (22).
Having accepted these experimental observations
which have been affirmed and reaffirmed by experiments
far too numerous to mention, we should then like to know
something of the mechanism by which these situations obtain.
The loss of fluid from the blood, which . is both
relative and absolute as MS been pointed out above, was
thought by the earlier workers to be largely a result or
excessive fluid loss from the kidneys.

Grollman (23),

1935, points out that this change may be "brought about
in one of three ways:

by loss of an excessive amount of

water through the kidneys, by a shift of the water from
the plasma into the blood cells and tissue cells, · or by
an increase 1n the total content of the solids of the
blood.

From the obvious dehydration and negative water

balance which oocurs in adrenal insufficiency, it may
be concluded that the observed hemoconcentration is a
result primarily of the loss of water from the body.
The state of dehydration of the tissues speaks against
the view that any considerable amount of water could have
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been lost from the blood into the tissues.

And it is well

shown that the observed anhydremia is not merely relative
and the result of an increase in the absolute solid content of ·the blood by hematocrit studies".

The writer,

of course, in this situation left out another possible
location for the storage of water, the interstitial
tissue.
Although, as Loeb (2~) has pointed out, there
is frequently a moderate diuresis accompanying the increased urinary excretion of sodium following adrenalectomy, this excretion is not sufficient to account for
the apparent loss of fluid.

This is particularly true

if it be assumed that a similar contraction in volume
occurs in all of the extracellular fluids as well as
the plasma (25).
Interpretation of these findings might suggest
that the primary role belongs to the increased permeability of capillary and cell membranes.

Horrop (26), in

1936, studied the approximate volume of the interstitial
fluid in animals by means of sodium thiocyanate; he also
conducted experiments on intact animals in which sodium
had been removed without loss of water by means of intraperitoneal injections of glucose.

From

these experi-

ments he concluded that an actual shrinkage of inter-
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stit1al fluid volume occurs during insufficiency, and
that this volume is restored as a result of reinjection
of the cortical hormone.

The principal movement of

fluid is into the cells, following withdrawal of the
extract, and from the cells into the interstital spaces
when the hormone is reinJected.

He further concluded:

"It is probable that the blood concentration noted in
adrenal insufficiency is due to three factors: (a) movement of extracellular fluid into the tissue cells, (b)
drainage of plasma water into the extracellular fluid
outside of the vascular system, and (c) augumented excretion of urine.

Of these factors the first is the

most important."

Hegenauer and Robinson, as a result

of very carefully controlled experiments, have shown
that with changes in the concentrations of cat ions in
the plasma there are always changes in their concentration in the cells, even after correction is made for any
water shift wh1ch may occur.

"This leads us to conclude

that when the electrolyte balance of the plasma is sufficiently altered, the red blood cell membrane may become somewhat permeable to cat ions. 11

Thus it seems that

the red blood cells may also absorb water from the
plasma ( 27).
It has been shown that water shifts more readily

13.

ADRENAL CORTEX IN RELATION TO SALT AND WATER METABOLISM

from the skeletal muscle in either direction after adrenalectomy (28).

Angerer demonstrated a similar phen-

omenon in adrenalectomized frogs; she observed that dead
frogs following adrenalectomy absorbed more water than
dead control frogs, a certain part of the increased percentage going into the skeletal muscle (29).
SWingle has shown that intravenous injection
0

of either w1t9-e blood or serum fails to relieve adrenal
insufficiency, because the transfused fluid soon leaks
out 1n the tissues and causes edema.

This escape of ·

fluid is preventable by administration of cortical extract and a reabsorption of the extravasated fluid is
observed if adequate amounts of extract are given.

Ad-

renal extract alone without extra fluid cannot relieve
the circulatory collapse, once it has reached a sufficient degree (30).

Intraperitoneal injection of glucose

also produces fluid depletion of the adrenalectomized
animal, and even the introduction of glucose into the
intestines may cause a rapid depletion of plasma volume

(31).

That these changes are due to increased capillary

permeability was proven experimentally.

Trypan blue,

when injected into the circulation, accumulates in the ·
skin of animals previously treated with leukatoxin ( a
substance isolated by Menkin from inflammatory exudates
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capable of increasing capillary permeability), (32).
A cortical extract previously injected or added to the
leukotoxin inhibits these effects and restores the normal state of the capillaries.

These findings were corro.

borated by Freed and Lindner, who found that the spread
of the leukotoxin is inhibited not only by cortical extract but also by corticosterone, whereas desoxycorticosterone acetate is inactive in this respect (33).
It may be well to point out at this time that
different preparations of the cortical hormones do not
have identical modes of action, since this fact was ap-

parently a cause of much confusion in the earlier literature on the function of the cortex.

Ragan has pointed

out that large doses of desoxycorticosterone acetate
may produce a syndrome of polydipsia and polyuria similar to that seen in diabetes 1nsip1dus.

He says that

the syndrome is primarily a thirst and secondarily a
polyuria, the thirst being produced by the excess sodium
in the intracellular fluid.

He also showed in this sit-

uation that most of the potassium is displaced from the
intracellular fluid (34).

This finding has been borne

out by numerous other observers.

Deeoxycorticoeterone

has beens hown by Thorn to be capable of producing marked
edema in the premenst_rual female ( 35).

Seyle has shown

that the increased diuresis produced by desoxycorticos-
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terone acetate is not due to an increased activity or
the kidney (36).

Wells and Kendall have shown that

"minimal amounts of the oortioal extract maintain normal
renal function, while the quantities of corticosterone
needed are fifty to five hundred times greater.

They

have also shown that the acetate in addition to its
effect on water distribution, decreases the concentration
of potassium and increases the concentration of sodium
and chloride ions intercellularly.
feature is the fact that

11

The most striking

the effects of desoxycorticos-

terone acetate are aggravated by the administration of
sodium, while the administration of potassium is ameli- ·
orating.

However, the cortical extract is supported by

administration of sodium chloride and a decrease of
potassium intake, so much so that the requirements of the
extract are considerably diminished". (37).
As has been previously mentioned, the kidney
seems to play . a definite part in the regulation of elec-

.

trolyte and fluid balance by the adrenal.

The excretion

of substanc~s in the urine depends mainly upon two aspects of renal activity, filtration through the glomeruli
and the degree of subsequent reabsorption in the tubules.
The concentration of electrolytes in the body fluids is
normally maintained relatively constant by the selective
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action of the renal tubules in controlling the reabsorp~
tion of ions from the glomerular filtrate.

During the

process of differential reabsorption of water and electrolytes in the renal tubules, high concentration gradi.
ents between tubular urine and blood plasma may be developed.
In the adrenalectomized dog not given cortical
extract, there is a striking impairment of the function
of the renal tubule cells concerned with the differential reabsorption of electrolytes.

The reabsorption of

sodium is limited, so that the concentration of sodium
in the urine is not reduced below that of the plasma, e~cept when the rate of glomerular filtration is greatly
reduced.

Conversely, potassium and phosphorus are re-

absorbed to a much greater extent in the renal tubules
of the adrenalectomized than in the normal animal studied under comparable conditions (3S}.

This increased

reabsorption may be explained as a failure of the renal
tubules to maintain a sufficiently high concentration
gradient between the tubular urine and the blood plasma
with respect to these ions.

It is evi dent that the vol-

ume of urine excreted is an important factor in determining the electrolyte excretion in the ad.renalectomized
dog.

Increased rates of urine excretion permit an in-
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creased excretion of potassium in the urine, but also
are associated with a greater loss of sodium.

The admin-

istration of sodium salts ·to the adrenalectomized animal,
not only replaces the sodium lost, but may produce an increased excretion of potassium due to augmentation of
urine volume.

This also explains the observation that

the adrenalectomized dog can be maintained more readily
on a diet low in potassium than on a high potassium diet
when given no cortical extract (39).
The concentrations of electrolytes in the body
fluids of the untreated adrenalectomtzed dog are not
maintained at normal levels as a result of the disturbed
function of the renal tubules.

The decreased rate of

glomerular filtration found in adrenal insufficiency is,
in large part at least, secondary to altered concentrations of electrolytes in the body fluids, especially the
deficit of sodium in the extracellular water.

As a re-

sult of the lowered concentration of sodium in the extracellular fluids of the body, there is a shift of water
from the extracellular to the intracellular spaces, leading to a diminished volume of extracellular fluid (40).
This depletion of the extracellular fluid volume with
consequent decrease in plasma volume can explain the
diminished blood pressure found in the intact dog depleted
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of sodium (41) and in the adrenalectomized dog (42).

In

the adrenalectomized dog, factors other than the shift
in body water are probably involved in the circulatory
disturbances present.

There may be changes in the mus-

cular tone of the vascular system which contribute to
the final state.

The changes in glomerular filtration

in the adrenalectomized dog and in the intact dog depleted of sodium can be explained most readily as a
result of diminished blood pressure in the glomerular
capillaries.

The decrease in glomerula.r filtration is

probably an important feature of the terminal stage of
adrenal insufficiency.
Harrison and Darrow interpret the retention
of urea in adrenal insufficiency as due to a decreased
rate of glomerular filtration, together with an increased reabsorpt1on of urea which is second.a.ry to the reduced glornerular filtration.

Adequate treat~ent of the

adrenalectornized animal with sodium salts, therefore,
results in reduction of the concentration of urea in the
blood because of the increased rate of glomerular filtration (3S).

McMahon and Zwemer have observed fatty

changes in the proximal convoluted tubules of the kidneys of dogs suffering from adrenal insufficiency which
may represent the morphological changes which accompany
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the depression of renal function (43).
The evidence is very good that in an unfractionated extract sodium retention is due to a distinct
hormone.

This hormone can be rendered ineffective by

the development of refractoriness through repeated
injections (44).

Such an extract fails to cause sodium

retention, yet appears to retain its other properties.
Adrenalectomized animals, adequately treated with an
extract t~ which they have become refractory, excrete
sodium so that its concentration in the plasma reaches
the level characteristic of adrenal insufficiency.
There is no other demonstrable deviation from the normal.
The blood pressure does not fall, nor is there any change
in permeability as indicated by a normal pl~ema volume

{45).

It is evident, therefore, that there are at least

two factors in the extract; one responsible for sodium
retention, and the other which can maintain permeability
relationships.
Hartman.

The second factor was, called cortin by

This does not mean, however, that the sodium

factor is unimportant, for without it much larger amounts
of the other fraction are required.

Moreover, sodium

factor or sodium retaining substances alone can maintain
adrenalectomized animals as well as patients with Addi-

Ron's disease under basal conditions for a considerable
period.

I

II
!.

•I

'

'.'1

C

20.

ADRENAL CORTEX IN RELATION TO SALT AND WATER METABOLISM

Sodium factor seems to be more important in
some species than in others.

In the marmot and opossum,

no loss in sodium occurs after adrenalectomy (46).

In

the elasmobranch, there is an increase in plasma sodium
after adrenalectomy (47).

There is additional evidence

of the importance of the adrenal in relation to sodium.
Normal animals r,epsond to a low sodium diet first by an
increase and then by a decrease in the size of the gland

(48).

Also if adrenalectomized animals are to maintained

on a salt-free diet they must have exceedingly large
doses of extract (49).
In most ani~als the fatal consequences of adrenalectomy can be forestalled and a fairly normal electrolyte status maintained by increased ingestion of sodium
salts which, by maintaining normal blood sodium levels,
prevent the excessive liberation of potassium from the
cells.

The relative independence of pot4ssium distri-

bution is demonstrable on rats fed a potassium-deficient
diet in which a considerable degree of potassium depletion can be obtained, both in the tissues and plasma.
This 1s accompanied by a marked decrease of blood chlorides, whereas the sodium level may remain relatively
normal (51).

Tipton, however, points out that the re-

lease of potassium by the cells is possibly a direct
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result of the absence of ad.renal secretion, for he found
that adrenal extract decreased the loss of potassium
which occurs upon stimulation of normal muscle (52).
Thorn (53) has stated that the low potassium
values clearly indicate the increased renal elimination
of potassium expressing the effects of the cortical hormone, which augment the urinary excretion of potassium
both in normal and ad.renalectomized animals, as well as
1n Addisonian patients.
The latest literature does not seem to clarify
the apparently contradictory views on the
regulation as mentioned above.

potassium

The rise in blood potas-

sium is prevented, not only by the cortical hormone, but
also by maintainance of a normal plasma sodium level (54).
This view is further supported by the effect of adrenalin
or plasma potassium; injection of adrenalin yields an
increase 1n the plasma potassium as evidence of an increased release of potassium from the liver, muscle or
other tissues.

All these tissues respond similarly to

a number of nonspecific causes; thus, disturbances in

the function of muscle tissue are just as likely to
liberate increased amounts of potassium as plain muscular activity.

Other observations indicate, however, that
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some definite effect of cortical extract upon potassium,
both in the kidney and the tissues, has to be postulated
in addition.

Thus even after removal of the kidneys

from adrenalectomized rats the administration of cortin
caused the usual fall in the concent.ration of potassium
in the ser'UI!l (55).

The work mentioned above, in which

C

some worker failed to find a change in the potassium
content of the muscles of adrenalectomized animals, has
been criticized by Fenn (5~) as possibly due to the increased water in the muscle tissue.

Allowing for this

he has been able to show an increased potassium concentration in the intracellular muscle tissue.
The high plasma potassium does not necessarily i~ply a high cell potassium, for it may be merely the
result of deficient renal elimination of potassium.

De-

pletion of plasma potassium, on the other hand, may be
the result of decreased renal elimination, whereas the
depletion of intracellular potassium is the result of
lost ability of the cell to retain potassium.

The ex-

perimental work which has been mentioned above would apparently indicate that both factors are or may be in
operation.

An exact evaluation of these different

mechanisms is not, however, possible at this time.
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A direct participation of the adrenal cortex
in the hormonal control of carbohydrate metabolism has
been the subject of vigorous debate for a number of years.
The interest in this problem has centered, not only on
the interpretation of the alterations in carbohydrate
metabolism that occur in adrenaleotomized animals, but
also on their relation to the function of the adrenal
cortex.

This problem would appear to be capable of a

simple solution were it not for the fact that other
chRnges follow adrenalectomy which at first appear to
be of gr~ater significance than the disturbances of carbohydrate metabolism that have been reported.
The absence of normal mineral balance in adrenalectomized animals disturbs the normal environment of
all cells and thus produces certain secondary disturbances
in metabolism.

The secondary effects are most readily

distinguished fr1m the primary metabolic effects of adrenalectomy by a consideration of those disturbances
which are alleviated by combating the mineral imbalance
with a high sodium and low potassium intake.

Neverthe-

less, since either mechanism depends on the presence of
the cortical hormone, any theory of cortical function
must take both these sets of facts into consideration.
We will be concerned here, primarily, with the
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experimental facts that seem to justify the belief that
the hormone of the adrenal cortex plays a direct and
positive role in the control of metabolism.

We shall

begin with a discussion of carbohydrate metabolism and
then bring in the changes in protein and fat metabolism
that are directly or indirectly concerned.
In 1909, Porges reported that patients suffering from Addison's disease had a low blood sugar level

(56).

This has often since been confirmed, but is has

been denied as well by some clinicians (57).

Forges

carried out a few experiments with dogs in which he extirpated both adrenals.

He found that the blood sugar

fell rapidly after the operation and had reached the low
level of 55 mgs. percent in about three hours.
Since this early work the technique of adrenalectomy has considerably improved, but the results of
the studies of the blood sugar have varied from laboratory to laboratory.

Cori and Cori found values below

normal in their rats, as did Wyman and. Walker (5S, 59).
In experiments in which there seemed to be no remnant
of adrenal tissue left, low blood sugars have been rated.
Thus, Zwemer and his coworkers (59, 60), found that in
the cat the symptoms of adrenal insufficiency were accompanied by a fall in blood sugar.

They also studied
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adrenal demedullated cats but found no change in the
blood sugar level and normal values were also observed
after removal of one adrenal or demedullation of one
adrenal and removal of the other.

In a long series of

extensive studies Britton et al. have always emphasized
the decline of the blood sugar level after adrenalectomy
in a large number of different species.
Parkins and Swingle observed in 1937 that the
withdrawal of cortical extracts from adrenalectomized
animals was not always followed by a drop in the blood
glucose level.

They observed that if the operation of

adrenalectomy was performed in one stage, the animal
sometimes showed a decline in blood glucose level which
was explained as possibly due to muscle trauma (65).
Hartman et al., as a result of numerous studies on dogs
and mice have concluded that the fall in blood sugar
observed in their experiments was always a terminal
event and was a part of a generalized depression of
function leading to the exitus of the animal.

These

latter mentioned workers seemed to believe, then, that
the observed changes in blood sugar were either terminal
or the secondary effects of generalized bodily changes.
It would seem that if the disturbance in carbohydrate metabolism was primary, or of at least as
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much import as the changes in mineral metabolism, the
lives of these animals could be prolonged by adjustment
of the blood glucose level.
seem to be the case.

Such, however, does not

Experiments have been conducted by

several investigators which indicate that the feeding of
glucose will not preserve the lives of adrenalectomized
animals.

Zwemer showed that he was able to prolong the

lives of adrenalectomized animals by the use of glucose
fed daily.

The animals in this series showed an aver-

age survival time of nine days as com1=B,red with an average survival time of sixty hours for control animals.
He found that the animals died in spite of high blood
levels of glucose (66).
Many early workers were impressed by the low
level of liver glycogen in adrenalectomized animals.
However, it appears that divergent views concerning this
condition were probably due to the conditions under
which they were performed, and it will probably be more
illuminating to pass on to more recent experimental work.
Recently Silvette and Britton have claimed
that both liver and muscle glycogen were markedly reduced
after adrenalectomy.

However, it appears th~t there was

not the great care to maintain the sodium and chloride
levels in these animals as was done by later observers.
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Cor1 and Cor1 reported similar results, but
1t 1s important to note here that the animals were fasted
twenty-four hours prior to the time of the studies on the
liver and muscle glycogen levels (58).
Long et al., in 1940, ran a series of experiments on the glucose and glycogen levels of adrenalectomized animals in which apparently meticulous attention
was paid to the regulation of the electrolyte balance,
both in fasting and well fed rats and mice.

Their re-

sults indicated that so long as the animals were well
fed there was no depletion of liver or muscle glycogen,
but on subjection to fasting there was a rapid depletion
of the liver stores of glycogen which was shortly followed by a marked fall in the glycogen content of the
muscles.
In the rat this group was able to show a well
marked hypoglycemia following a fast of forty-eight
hours.

This situation was immediately relieved in the

animals whose electrolyte balance was well maintained,
but in those animals in which the electrolyte levels
were allowed to fall, the administration of glucose gave
only transitory relief and the animals soon died (69).
Brownell observed that in adrenalectomized
rats in which the electrolytes were well controlled, the
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animals were unable to maintain normal glucose levels
when exposed to low temperatures (70).
To approach these fundamental aspects of the
problem from a different point of view we shall now
look to the experimental work making use of cortical
extracts.

Britton and S1lvette (62,63,64,67,6s,71),

have studied quite extensively the effects of the injection of cortical hormones on metabolism of carbohydrate.
They have found that in both normal and adrenalectomized
animals, injections of cortical hormones give rise to
increased blood glucose and increased levels of liver
and muscle glycogen.

Adrenalin brought about no improve-

ment in the carbohydrate stores in either normal or adrenalectomized animals.

This has been observed and con-

firmed by several other workers (60,72).

There has been

some denial that these results could be shown in dogs

(73).

Clinical experience has also shown th,-1 t in a

large number of cases of adrenal cortical tumors, there
is an observed hyperglycemia and frequently these patients
exhibit a typical diabetic sugar tolerance curve.
Long and coworkers were able to confirm most
of the findings of Silvette and Britton, but their method
and results differed in several important respects.
of the animals used by Long were previously fasted in

Part
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order to deplete the body's glycogen stores and determinations were made on the glycogen levels of some of
the animals.

They found that after administration of

the extract the glycogen stores of the liver were increased from ten to twenty times the control levels,
seeming to indicate that the glycogen was formed from
noncarbohydrate sources.

Also there was not found the

increased muscle glycogen as described by Britton (69).
Long further points out in his paper that "the formation
of liver glycogen and blood glucose under the influence
of cortical extract raises the question as to the source
of the carbohydrate.

Inasmuch as the muscle glycogen

remains constant, (the previous opposing observation of
Britton was probably due to a difference in technique),
the possibility of a shift in the distribution of tissue
carbohydrate is eliminated.

Since the transformation

of fat to carbohydrate has never been conclusively
demonstrated, the obvious source would seem tote the
tissue protein".
Along this latter line of thought, Evans (75)
found that fasted adrenalectomized rats excreted about
25 percent less nttrogen than did normal rats under
similar conditions.

This result has recently been con-

firmed by Harrison and Long (76).

Long (69) showed that

t
i.1!i
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in rats injected with cortical hormone the rise in liver
glycogen and blood glucose was accompanied by a parallel
rise in the urinary nitrogen (69).

Long also showe~ by

use of the technique as described by Cori and Cori (77),
that the oxidation of glucose in rats is depressed by
the ad.ministration of cortical hormone.

Another interes~

1ng observation was that this effect closely simulated

the results of injecting anterior pituitary extracts,
but in the latter case the extra carbohydrate was deposited, not as liver, but as muscle glycogen.

To add

further strength to this idea, Seyle (7$) has shown that
complete removal of the liver eliminates the changes in
blood glucose level produced by cortin in rats.
The third basic experimental approach to this
problem consists of the study of the effects of the
adrenal cortical hormone in animals with pancreatic diabetes.

Hartman and Brownell have shown that the dia-

betes produced in pancreatectomized rats is partially
alleviated by adrenalectomy (78).

This has also been

observed in dogs (79) and in several other species.
There has been a great deal of well controlled experimental study on this subject, but it does not seem wise
at this time to discuss any but the most recent experimental work.
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The corollary to the above would seem to be
that the injection of the cortical hormone into adrenalectomized pancreatectomized cat would tend to accentuate
the diabetes.

There have been some technical difficul-

ties in accomplishing this end, but Lukens in 193$ was
able to demonstrate this in cats.

He was able tol?J:'t a

moderate increase in the blood glucose levels by the
injection of cortical extracts.

He was also able to

show that the glycosuria of depancreatized, hypophysectomized dogs was increased by the injection of the cortical hormone ($0).

These results were confirmed and

shown also in several species by Long (69), who also
showed that there was a marked increase in the nitrogen
excretion in these animals with the rise in the glucose
levels following the cortical injections, which seemed
to quantitatively account for the increased carbohydrate
levels of the organism.

I
t:
Ji

Long has also shown results which seem to further establish the above results from experiments on
hypophysectomized rats, whether otherwise intact or depancreatized.

The intensive use of cortical extracts on

fasted hypophysectomized rats increased the liver glycogen, while the increase in urine nitrogen is the same as
that observed in normal rats.

"This would indicate that
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a part of the extra carbohydrate formed has been utilized;
an observation that is in keeping with previous experiments on the excessive rate of carbohydrate utilization
found in these an1mals 11 •

Apparently part of the disor-

dered carbohydrate metabolism of hypophysectomi2.ed rats
can be remedied by the injection of cortical extract.
Long concluded thnt some cortical hormone has tol:e present
before the full diabetogenic action of the pituitary can
be observed.
Evans (81), however, has observed a rapid loss
of glucose by the adrenalsctomized rat on fasting and
points to this as the first line of evidence favoring
more rapid oxidation of glucose by adrenalectornized
animals.

He also supports the idea by reference to the

failure of adrenalectomized animals to deposit glycogen
from injected glucose.

From a series of glucose toler-

ance curves on a long series of rats he concludes that
the depression of gluconeogenesis is not sufficient to
account for the rRte of carbohydrate disappearance.
"The R.Q. rise induced by feeding glucose is slightly
less in adrenalectomized animals than in controls.
Therefore, one arrives at the conclusi~n that increased
ox1dati~n is the most reasonable explanation of the increased disap!)earance of carbohydrate.

When viewed
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against the decreased capacity for storage of injected
glucose.

The normal glucose tolerance curves here

given constitute good evidence for enhanced carbohydrate
oxidati~n after adrenalectomy.

Because the amountBof

glucose injected are small and do not constitute a marked
carbohydrate plethora, forced conversions are not reasonably to be considered and increased oxidation would appear as the factor which balances off with decreased
storage".
In another piece of experimental work Evans
has tested the ability of adrenalectomized animals to
dea~inate injected amino acids to see if there is any depression in this phase of protein catabolism.

In adren-

alectomized functionally nephrectomized rats, the rate
of disapoearance of d-1. alanin injected intravenously
and the extent of the consequent urea formation are the
same as found in normal controls.
Adrenalectomized animals are very susceptible
to the hypoglycemic acti,::m of insulin and even after
small doses of this hormone exhibit a conspicuous failure to return spontaneously the blood glucose to normal.
Insulin hypoglycemia in normal mice can also be prevented
by the previous administration of corticosterone, but
not desoxycorticosterone (83).
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We may now attempt, from the experimental evidence presented and additional experimental data as it
becomes appropriate, to formulate possible mechanisms
and sites of action of the cortical hormone in the regulation of carbohydrate metabolism.
Seckel has shown, with an in vitro method, that
rat liver glycogenolysis was inhibited by large doses of
cortical hormone.

The inhibitory effect on hepatic gly-

cogenolysis of cortical hormone is greater than that of
insulin added in vitro and cannot be increased by combining the two hormones.

He concluded from these findings

that one es~ential function of the cortical hormone conRists in an inhibition of the glycogenolytic enzyme of
the liver cells, and points out that observations made
in the living experimental animal are in good agreement
with this conclusion (g5).

Carey and Britton report

that if cortical extract is perfused along with glucose
through isolated rat liver, glycogenolysis is retarded.
In the perfused cat live½when the cortical extract was
added to a Ringer gum-glucose perfusate, an actual increase in the glycogen content was observed.

Desoxy-

corticosterone and insulin were inactive in this respect.
If this view is correct then an excess of the
cortical hormone given to a normal animal leads to the
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accumulation of glycogen by preventing the breakdown of
any originally present or formed either from dietary
carbohydrate or noncarbohydrate precursors.

Since the

supply of carbohydrate to the tissues would be blocked
by this effect on the liver glycogen, they are forced to
use more protein or fat for their energy requ1.rements.
Ingle (55) has shown that adequate amounts of
cortical hormone in spite of the injection of large
amounts of glucose will inhibit the oxidation of glucose.
They further point out that this effect is observed so
soon after the injection of the cortical hormone that
it is unlikely that the observed effect is due to the
I

inhibition of insulin secretion.

l

i,

Thorn has pointed out tha~ in patients suffering from Addison's disease, there is a high fasting R.Q.
which rose to an abnormal degree after glucose administration.

This is again substantiated by the work of

Evans which we have mentioned above.
We have already mentioned the inhibition of
protein catabolism observed in adrenalectomized animals,
and the acceleration of the protein catabolism with the
injection of cortical hormones.

The first point in the

chain of protein catabolism that might be accelerated
by cortical hormones is the conversion of the tissue

li;
i

36.

THE ADRENAL CORTEX AND ORGANIC METABOLISM

proteins into amino acids.

The site of this action

might be confined exclusively to the peripheral tissue
or the liver or both.
The deaminatlon of amino acids occurs largely
in the liver, kidney and intestinal mucosa.

It has been

shown by Russel and Wllhelminl (g7) that the rate of deaminatlon of alanine and glutamic acid by kidney tissue
slices of adrenalectomlzed animals is decreased.

They

have also shown that in the kidney the rate of carbohydrate formation from these amino acids ls reduced after
adrenalectomy.

This view has not been substantiated in

liver slices.

Koepf (SS) showed that there was no dif-

ference in the rate of carbohydrate formation from glutamic acid in normal and adrenalectomized rats.

We have

previously mentioned thework of Evans which seems to
discredit somewhat the above idea; namely, that there is
no ohange in the rate of disappearance of d-1 alanine
from the blood of adrenalectomized animals.
Tipton in 1941 showed that the rate of oxidation of pyruvate and succinate by the liver of adrenalectomized animals is decreased (89).

This was also

shown for the kidney by Russel and W1lhelmlni (S7).
Koepf states that the liver of adrenalectomized animals

t

I
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has a reduced capacity to carbohydrate from pyruvate.
They report that previous treatment of either normal or
adrenalectomized rats with cortical extract increased
the rate of carbohydrate formation.

Most all of these

results have been both challenged and confirmed by
other workers.

It seems, therefore, that the work on

tissue slices up to this time is not conclusive enough
to be of any real value.
Thus we come to the conclusion that the
effect of the adrenal cortex seems to be at two principal points.

It affects the capacity of peripheral tis-

sues to utilize carbohydrate and affects the rate of
formation of carbohydrate from molecules of other noncarbohydrate substances by the liver and kidney.
It is probably well, at this point, to discuss the relation of the adrenal to protein metabolism.
As can be seen from what has been said of the relation
of protein to carbohydrate metabolism under the influence of cortical hormones, the literature on the subject
is sparse and inconclusive.
To briefly review what has been said above,
it appears that the adrenal }Ortical hormone increases
the rate of protein catabolism.

The study of the problem

quantitatively suggests that the increased protein

I
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breakdown products are converted to carbohydrate.

The

power to deaminize amino acids may or may not be reduced
after adrenalectomy; the literature is inconclusive on
this point (91).

The specific dynamic action of protein

is lowered and retarded in adrenalectomized dogs when
they are well regulated as to water and electrolyte
balance.
Tepperman and Eagle have called attention to
the fact that practically all stimuli capable of eliciting increased cortical function or cortical hypertrophy
are accompanied by a breakdown of protein.

The enumera-

tion of such things as burns, cold, toxins, shock, thyroid activity, infections, pancreatic diabetes and
anoxia illustrates this point, the experimental work for
which we will mention later.
Bourne and Zuckerman have shown that a high
protein diet can cause a great increase in adrenal weight.
Certain other hormones which influence protein metabolism
also were shown to have an effect on aa~enal size.

Cer-

tain estrogens ·are shown to increase adrenal size and
also reflect increased protein catabolism by the increased
rate of nitrogen excretion.

Fry (9~) has shown that in

the absence of the adrenal cortex, estrogens fail to
cause the increased rate of nitrogen excretion.
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Wells and Kendall have shown a remarkable
antagonism between the adrenal and pituitary. 1n respect
to growth in young rats.
compound

11

They have shown that Kendall's

E11 , an adrenal fraction, when injected into

young rats retards the rate of growth an~ weight accretion.

This he explains on the basis of the stimulation

of protein catabolism by this hormone.

The opposite

effect is seen by the injection of the pituitary growth
factor (91,92).
Hartman, et al., studied the protein levels of
the blood of nornal and adrenalectomized dogs.

They

found that the plasma albumin decreased after adrenalectomy except during treatment with whole adrenal extract.
Plasma globulin was increased after adrenalectomy.

These

changes produced considerable reduction in the A-C ratio.
The reduction was decreased with whole adrenal extract.
There was no loss of albumin through the kidney.

They

conclude that "the data indicate that the adrenal is a
factor in the maintainence of normal levels of albumin
and globulin in the plasma.
and the globulin rises.

Without it the albumin falls

Whole adrenal extract maintained

the albumin, but failed to prevent the rise in the globulins.

Therefore, it seems that the extract used did

not contain the substance which prevents the rise of
globulin." (94).
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Levin and Leathem have done a very illuminating piece of work on the same topic.

They found that

hypophysectomy in rats produces a fall in serum albumin
and an increase in serum globulin with a slight decrease
in total serum protein.

Thyroidectomy simulates hypo-

physectomy so far as increase of serum globulin is concerned.
min.

There is little, if any, effect on serum albu-

Conversely, treatment of hypophysectomized rats

with thyroxin prevents the increase in serum globulin,
but does not inhibit the decrease of the serum albumin
level.

Treatment of hypophysectomized rats with ad.renal

cortical hormone to a large extent prevents the decrease
in the serum albumin level with little or no effect on
the globulin level.

Stilbesterol administered to intact

rats causes an increase in serum albumin level, presumably via the adrenal cortex which is markedly stimulated.
There is no effect on the globulin level.

They point

out that the above findings lead to the tentative conclusion that

11

in the rat the serum albumin level is

maintained under adrenocortical influence while the
serum globulin level associated with the activity or
the thyroid.

Following hypophyeectomy, a change in

both functions occurs because of the decrease in both
cortical and thyroid activity." (95).

41.

THE ADRENAL CORTEX AND ORGANIC METABOLISM
It would seem, therefore, that in summary, we
might say in addition to the facts pointed out above
concerning protein metabolism, the adrenal seems to be
a very important controlling factor 1n protein metabolism per se.

We have seen that the activity of the adren-

al cortex seems to favor protein catabolism to form
amino acids.

It is not unlikely that a portion of the

newly formed amino acids may be used to replenish or
replace other vital substances of which serum albumin
is representative.
Another phase of metabolism that seems to be
related, at least in some respects, to the function of
the adrenal is that of lipids.

Again this is a subject

in which there has been a fairly large amount of investigation, but the results have been subject to a great
deal of controversy and are poorly conclusive.
In

1935 Verzar and Laszt found that fat ab-

sorption was inhibited by adrenalectomy in rats and
that the normal function could be restored by the administration of cortical extract.

They also postulated

a similar mechanism for the absorption of carbohydrate
which has since been quite conclusively shown to be
only a secondary effect to the electrolyte disturbance

( 96).
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In the absence of the adrenal cortex the failure of fat
absorption was attributed to the failure of phosphorylation, which phenomenon, as it was then understood, was
a prerequisite for the absorption of the fatty acid portion of the fat molecule.

Confusing results on this

point led to the work of Bovetta, et al.

They were able

to show a definite inhibition of fat absorption in adrenalectomized animals.

It was only slightly improved after

adequate regulation of the fluid and electrolyte balance.
After adrenalectomy larger amounts of fatty acids accumulated in the intestine than occurred normally.

Both

of these phenomena were res~ored to normal by the administration of cortin.

There was no evidence that adrenal-

ectomy alters lipolytic activity (9S).
We have mentioned in previous sections the
observed failure of q,drenalectomized animals to gain
weight, even though the electrolyte balance was well
maintained.

Verzar has also pointed out the failure of

adrenalectomized animals to make ~n accretion of adipose
tissue when fed high fat diets.

He states that this is

due to a failure of natural fat synthesis from the
fatty acids absorbed from the intestine.

He attributes

this to the fact that adrenalectomy prevents the synthesis of fats to phospholipids which he believes is

43.

THE ADRENAL CORTEX AND ORGANIC METABOLISM
necessary for the transportation of fats in the organism (99).
McKay (100) has shown that adrenalectomy will
prevent the deposition of fat in the liver when ketogenic extracts of the anterior pituitary are administered.
In a later work he showed tha.t the absence of the adren-

al also prevented the infiltration of the liver following partial hepatectomy or after phosphorus poisoning.
He has also shown that adrenalectorny will reduce the
amount of liver fat in a fasting animal fed a high fat
diet (101, 102, 103).

He has shown that previous high

stores of liver fat built up under the influence of
adrenal cortical hormone are reduced more rapidly in
adrenalectomized than in control animals.

He observed

a marked difference in the stored liver fat found in

the male and female species of rat.

Adrenalectomy was

shown to abolish this sex difference.
McKay also showed that adrenalectomy reduces
or abolishes ketosis.

He was able to abolish the ketosis

due to the injection of ketogenic extracts from the anterior pituitary or after the injection of epinephrine.
Certain other workers have observed this effect and some
have found contradictory results.

Some have thought that

removal of the adrenals causes an increase in the rate
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of utilization of ketone bodies.

Wells and Kendall have

shown, however, that removal of the adrenals does not
increase, but actually reduces, the utilization of
betahydroxybutyric acid by the tissues.

It has been

pointed out that removal of the adrenal glands leads to
a rise in the renal threshold for the ketone bodies, but
there can be little doubt that the large differences
which we have observed in the excretion of betahydroxybutyric acid actually represents a diminished ability
of adrenalectomized rats to form ketone bodies.

This

capacity is restored by large doses of desoxycorticosterone acetate.

They point to th~ fact that ketonuria

can not be used as a quantitative measure of the formation
of the keto-ac!ls, which may account for some conflicting
results found in the early litere.ture (92).
It was Goldzieher (10~) who was first able to
s·,10w changes in blood cholesterol influenced by the
adrenal cortex.

He found that the injection of cortical

hormone into rabbits elicited an average 30 percent
rise in blood cholesterol.

He cites evidence that the

drop in blood cholesterol and other lipids is brought
about through the action of the reticulo-endothelial ·
cells with subsequent fixation and storage of the lipids
in the tissues.

He also points out the gain in weight
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as a result of prolonged administration of cortical extracts to experimental animals or to humans.

He also

refers to the loss of weight in Addison's disease and
the gain in weight in people suffering from adrenal
tumors, removal of which brought about prompt return to
lower weight values.
Reiss (105), Grigout (106), and others have
shown that there is a rise in blood cholesterol following adrenalectomy.

There has also been observed marked

hypertrophy of the adrenal cortex associated with hypercholesterolemia (107); these changes both could be prevented by the injection of cortical extracts.
McKinley (103) has shown that the feeding of
adrenal extracts produces a gain in weight in normal as
well as adrenalectomized animals.' He has shown that the
increase is actually due to the.increase in the fat
deposits.
Gordon (109) has shown that in a number of
clinical cases he was able to improve the weight markedly by the use of cortical extracts.

It is a well known

observation that patients with tumors of the adrenal
cortex have a great tendency toward obesity and subsequent removal of these tumors causes a return of the
weight to normal.
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In summary, we are able to point with a good
deal of certainty to certain definite effects of the
adrenal cortex on fat metabolism.

The exact explanation

of the mechanism whereby these effects are brought about
is in many instances not forthcoming.
We see first of all that in the absence of the
adrenal cortex there is an inhibition of the absorption
of fat and. that a con(lition can be reproduced in experimental animals by removal of the cortex that is not unlike the clinical condition of nontropical sprue or
various types of steatorrhea.

We further know that this

effect is not secondary to a disturbance of the electrolyte balance, as is the case with carbohydrates.

This

has been explained by some workers as a failure of
phosphorylation of the fatty acids since it hRs been
shown that the digestion of the fats is not influenced
by the cortical hormone.

We further know that the

presence of the adrenal is necessary for the deposition
of fat in the usual tissue depots.

This again has been

explained as a failure of fat transportation due to the
interference with phosphorylation.

The adrenal also

seems to favor the deposition of fat in the liver and in
its absence the liver does not store fats; normally the
mechanism here is in doubt.
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The question of ketosis, of course, is too
closely associated with the problem of carbohydrate metabolism to warrant the conclusion that the effects noted
express the direct action of the cortical extract upon
fat metabolism.

It must be borne 1n mind, moreover,

that cortical extracts are ant11nsul1nogenic and thus
might increase ketosis by limiting the availability of
insulin.

Irrespective of the mechanism involved, how-

ever, it is fair to say that ketosis following injection of fat requires an actively functioning cortex or,
in its absence, the supply of a potent cortical extract.
It may be that the influence of the anterior pituitary
on both carbohydrate metabolism and ketosis is mediated
through the adrenal glanda
It is, of course, to be recalled that in the
absence of the adrenal gland there is a marked rise in
the blood lipids; this may represent a reciprocal relation with the failure of storage in the liver and
other fat depots.
It might be well to mention a few other facts
concerning energy metabolism, of which more will be
said in a later section.

Barlow reported in 1924 that

the total metabolism of the cat following single adrenalectomy is initially depressed but gradually returns to
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or above the original preoperative level.

Metabolic

rate following single adrenalectomy was computed on a
per kilogram of body weight basis:

In 25 percent o·f

cases studied over a nine month period a new basal level
of 14 percent below their respective levels was established at the fifth month and was maintained until the
end of the experiments.

In 75 percent of the cases

studied the metabolic rate had returned to slightly
above the preoperative normal at the fifth month (110).
Carr and Beck (111) observed in rats after
bilateral adrenalectomy a reduction of approximately
30 percent in the total metabolism.

The adrenalectomized

rat, after consuming carbohydrate f·:iod, evinces an R. Q.
comparable to a normal animal.

A rise in body tempera-

ture and metabolism was observed in acute adrenal insufficiency in 80 percent of the ten animals studied.

Nor-

mal rats on a restricted diet under sinilar conditions
to the above animals do not show a reduction in total
metabolism.
Marine, Bau~an, Aub, Brownell et al. have
shown similar results.

They report that following re-

moval of both adrenals basal metabolism falls about

25 percent.

However, they represent the condition as

being entirely secondary to the disturbance in mineral
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and inorganic metabolism, and report that any treatment
which will maintain the animal in good condition will
also maintain the basal metabolism in good condition.
Thus, the basal metabolic rate can be naintained within
normal limits by various adrenal fractions, as well as
by sodium salt (112,113,114).

We have previously men-

tioned in the section on carbohydrate metabolism the
changes in the metabolism of certain substances by the
tissues, liver and kidneys.

From these studies it would

appear that the adrenal was not an important controlling
factor in energy metabolism per se.

The studies on

specific dynamic action in adrenal insufficiency, some
of which have been mentioned in previous sections, will
not be further discussed here as the results are quite
inconclusive and the work sheds little light on the
fundamental problem.
There are certain other facts concerning the
relation of the adrenal to the metabolism of other substances thAt will be briefly mentioned.
There is a lot of expe.rimental data which many
workers think points to a definite participation by the
adrenal in sulfur metabolism.
Loeper has shown that after adrenalectomy
there is also an increase in the quantity of sulfur in
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the skin (115).

Sweburg has s 1--::own that following

adrenalectomy there is pronounced creatinuria.
sulfur excretion remains the same.

Fecal

Excretion of total

urinary sulfur increases, as well as that of neutral
sulfur.

The percentage of sulf~te excretion drop1s

slightly (116).

Adrenal extract appears to reduce the

blood level of sulfur in both adrenalectomized and
normal animals.
It has been shown that the adrenal takes up
sulfur from the blood stream.

Leoper has shown that

there is more sulfur in the arterial blood to the adrenal than in the venous blood coming from the gland

(117).

Lurie has shown, as a result of a large series

of analyses of tissues for their sulfur content, that
the adrenal contains relatively more sulfur than any
of the other body tissues (118).
Some workers have thought that glutathione may
take origin from the adrenal gland.

The adrenal gland

has been shown to be very rich in glutathione and to
contain more reduced glutathione than any other organ
in the body.

Perfusion of the in-vitro adrenal gland

with cystine and glutamic acid caused an increase in
the glutathione content of the gland and also the glutathione content of the perfusion fluid.

Bilateral re-
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moval of the adrenals decreases the blood level of glutathione, whereas, the use of adrenal extl"acts on both
adrenalectomized and normal animals increases the blood
level of glutathione (119, 120, 121).
There seems to be also a disturbance in calcium metabolism associated with adrenal insufficiency.
Whether this effect is a primary or secondary disturbance is not yet clear.

Ragoff and Stewart report that

the calcium content of blood serum of adrenalectomized
dogs was generally found increased at the time of or
shortly before the development of serious symptoms (122).
Fuller reports that in humans suffering from hypersdrenal states, there is a great increase in urinary calcium excretion as well as phosphorus.

Following admin-

istration of testosterone propionate there was a prompt
retention of phosphorus and a gradually decreasing
urinary calcium excretion balance, (123).
What the significance of these findings is,
we cannot tell at.the present time.
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In addition to the previously mentioned function of the adrenal gland, there is a great deal of cl'inical and experimental evidence which would support the
idea that the adrenal produces a number of sex hormones.
The evidence for the production of sex hormone in the adrenal gland rests for the most part on
clinical observation.

In the male, when hyperadrenalism

occurs before puberty, there is frequently an increase
in muscular development giving rise to the so-called
Herculean type.

There is also a marked growth of hair

on face, body and genitals.

Frequently there is an in-

creased pigmentation of the skin of the face and hands.
There is a precocious development of the external genitals which may reach adult proportions.

These changes

are accompanied by premature puberty and even paternity.
At tirres marked mental maturity occurs, but some of the
cases show retardation.

These cases in the literature

that have been subsequently confirmed by autopsy are
very scarce.

In some cases in the adult male a tendency

towards feminization occurs with hypertrophy of the mammary glands, atrophy of the testes and penis, with loss
of libido and potent1a.
In the female the presence of a tumor of the
adrenal cortex, in the majority of cases, causes a
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reversal of the female characteristics and an accentuation of the masculine.

If the abnormal functioning of

the gland occurs before birth, it may give rise to the
true hermaphroditic type of individual.

After birth

and before puberty there is a marked increase in maturity of the masculine type.

There is usually an increase

in muscular strength and a masculine distribution of
hair_on the face, body and genital region.

The clitoris

enlarges and may take on the appearance of a penis and
possess the power of erection, and the labia majora may
become enlarged and reddened.

Frequently there is

marked duskiness of the skin, which becomes course, rough
and dry.

The voice becomes deep and husky, and the vocal

cords become thickened and enlarged.

Sone changes also

occur and premature closure of the epiphyses has been
frequently reported.

Menstruation in most cases does

not occur.
After puberty the first changes are usually
irregularity of the menses and then complete cessation,
accompanied by a complete loss of sexual desire.

As a

rule there is a marked growth of hair on the body and
face and a change of the pubic hair to the masculine
type.

Obesity may also occur, especially with the less

malignant tumors, and. the fat distribution is essentially
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the same as that in Cushing 1 s syndromew
Many more cases of adrenal tumors are reported
in females than in males.

After operation there is re-

feminization with loss of hair and recurrence of normal
menstrual function (124).
Various attempts have been made to isolate from
the adrenal gland the substances responsible for the
sexual functions.

Corey and Britton, working with the

life sustaining principle of the adrenal, found that they
were able to induce precocious maturat1on of the sex
glands of young albino rats.

Hypertrophy of the pitui-

tary, especially the anterior lobe, was notai in twenty
day old rats.

No significant changes were found in the

size of the thyroid or adrenal.

The possibility that the

effects on the gonads was secondary to enhanced pituitary
secretion was entertained by these workers.

These

changes were less marked in the male than in the female
( 125).

Fitzhugh was able to produce hypertrophy of
the ovaries and uteri of young femAle rats by the ad.ministration.of cortico-adrenal extracts.

As a result of

exact measurements of follicular and uterine diameters,
he concluded that cortico-adrenal extract contained a
female sex-stimulating factor.

He reports, however, that
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cortical extract does not stimulate early maturity of
the testes; indeed, he states thRt there is an inhibition of testicular growth.
Complete adrenalectomy supr~sses the cstrual
cycle of female rats.

Adequate administration of corti-

cal extract restores the normal estrual cycle.

The re-

turn of estrus is not necessarily preceded by recovery
of the normal body weight.
Marked atrophy of the reproductive system
follows adrenalectomy.

Pathological changes occur in

the ovaries and testes.

The ova,ries have persistent

corpora lutea and few growing follicles, while considerable degeneration and disorganization are present 1n the
testes.

Treatment with the extract restores both (126).
Englehart (127) made extracts with lipid sol-

vents and obtained material which caused a ninefold increase in the weight of the uteri of rabbits.

By ex-

traction of the crude material with petroleum ether he
obtained n fraction which had an effect similar to that
of progesterone.

The residue which was insoluble in

petroleum ether produced an effect similar to that of the
follicle stimulating hormone of the pituitary.

From

200 gm. of adrenal a corpus luteum-like hormone was obtained, which caused a pregravid response of the uterine
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mucosa equivalent to 1 mgm. of progesterone.
Atwell has shown the.t the injection of potent
cortical extracts over a period of two months, beginning
at five months of age, stimulated the ovaries of hypophysectomized tadpoles of Rana Sylvatica.

Such ovaries

averaged nearly two and one-half times the size of
ovaries from untreated hypophysectomized controls.

Twen-

ty rats were hypophysectomized by the parapharyngeal
route.

Half of these were given injections twice daily

of cortical extracts.

This treatment partially relieved

the asthenia and hypothemia, and partially restored
spontaneous activity without any apparent response of
the atrophic thyroid, adrenals or gonads and without any
effect on growth (128).

This would seem to indicate

that the noted sex-hormonal effects were not mediated
through or dependent upon the pituitary;

although, it

has been shown by Moon that the administration of adrenocorticotropic extracts from the pituitary are capable of
causing the production of an estragenic substance by the
adrenal cortex of spayed immature female rats (129).
We have a lot of experimental evidence to
suggeAt that the adrenal also produces substances which
are androgenic; they may be secreted either as distinct
substances by the gland or a part of the hormone complex
of

the adrenal.
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Reichstein was the first to report the isolation of an androgenic substance from the beef adrenal.
He identified this substance as adrenosterone; it exhibjted androgenic potency by the cockscomb test equivalent
to one-fifth that of androsterone.

He subsequently iso-

lated a structurally related compound, 11-hydroxyandrosterone; its androgenic potency being one-sixth that of
the previously isolated substance (130).
Burnil and Greene have done a great deal of
experimental study on the andromimetric functions of the
adrenal cortex.

They have found complete castration

atrophy in the ventral prostate of adrenalectomized castrated rats.

The prostates were parti.ally maintained

in castrated, nonadrenalectomized animals for a short
time.

In the presence of the testes adrenalectomy did

not modify the ventral prostates.

He concluded that in

the absence of the testes the adrenals had an andromimetric capacity in the young immature rat.

In older im-

mature rats this capacity was lost (131).
Davidson and Moon injected a.drenotropic extract from sheep into one-half of a group of rats, using
the other half as controls.

Prostates of treated ani-

mals showed evidences of stimulation.

The only evidence

of stimulation of the seminal vesicles was that the
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epithelium was slightly higher than in controls (132).
As was shown for estrogens, it has been shown
that the androgenic effect does not rely upon the presence of the gonads.

Androgens excreted by normal sub-

jects derive partly from the adrenal cortex, as shown
by their presence in castrated males or females (133).
The yields were only a little lower than those reported
in the urine of normal men and women.
Both androsterone and 11-hydroxyisoandrosterone have been prepared synthetically by oxidative degradation of certain pregnene derivatives which normally occur in the adrenal cortex; it 1s quite possible
that similar reactions proceed biologically also. Pregnene compounds, which may be considered as potential
precursors of androgens, are relatively abundant among
the adrenal steroids; on oxidation one of these yields
androstenedione, which is a close relative of testosterone (134).
Ehrenstein and Britton have isolated an acid
sodium salt of palmitic acid from adrenal cortical extracts.

They hR.ve shown it to be capable of activation

of male ~ex hormones.

Evidence of the presence of other

acid soaps was also obtained.
Butler and Wolfe have shown th~t in addition
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to the androgens found in the cortex, there are several
abnormal androgens found in the urine of people suffering from pathological conditions of the adrenal (136).
Swingle has shown that the adrenalectomized
dog could be maintained without cortin during the period
of pseudopregnancy following the estrus.

But daily in-

jections of large amounts of progesterone did not prolong the life of bilaterally adrenalectomized ca.ts (137).
The latter failure was probably due to an insufficient
potency of the extracts used, since contrary results
were obtained by Gaunt and Hayes on a.a.renalectomized
~errets.

They found that crystalline progesterone main-

tained these animals in good health and relieved an established adrenal insufficiency (13S).
The weight of evidence at the present time indicates that the life sustaining principle does not of
itself affect the gonads, that certain cortical extracts
have a marked effect on the sexual development of experimental animals, and that, therefore, there are substances
present in the adrenal gland distinct from cortin which
have gonadic potency.

The previously mentioned compound

"E" of Kendall, on oxidation, gives rise to adrenosterone.

The previously mentioned direct isolation of ester-

one and progesterone from cortical extracts leaves no

'I
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doubt but that the adrenal gland is a source of sexual
hormones.
It appears that the body is ~ble to utilize
progesterone instead of the regular cortical hormone, or
it may be that progesterone, in the course of its metabolism, is transformed into a substance which substitutes
more effectively for the regular cortical hormone.

These

ideas are justified by the prevjously ~entioned work of
Swingle, Hays ( 137), and. Gaunt ( 13g).
Emery and Schwabe have done some experimental
work which would further support the above assumptions.
In a series of two hundred rats, which had been adrenalectomized at thirty days of age, he has shown that the
pituitary through the ovaries can ameliorate symptoms of
adrenalectomy for at least three weeks.
ovaries must be strong.

Stimuli to the

Implants of castrated rat pitu-

itary were quite effective as compared to extracts of the
pituitary gland or pregnancy urine.

He concluded that

neither the hypophysis per se, the accessory female organs, nor the testes are significantly concerned in these
beneficial effects.

The effect is not due to, but prob-

ably is concerned with, the secretion of active corpora

'I
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lute a ( 139).
We have previously mentioned. the observed
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gonadotropic effects of the adrenal cortical hormone.
Hoffman has shown that the substance supposed to have
gonadotropic effects is a water soluble fraction of
whole cortical extract.

It is precipitated by acetone

and alcohol or by tungstate and benzoic acid, and is
insoluble in lipoid solvents (140).

The observed gonad-

otropic effects of this hormone simulate the observed
effects of the combined action of Prolen A and Prolan B
from the pituit~ry.

It has been shown, however, that

the gonadotropic principle is distinct from the other
cortical hormones, since the administration of this substance is without beneficial effect on Addisonian patients
(141).
Grollman and his colleagues have maintained that
the adrenal cortex, as it normally exiBts in the adult,
elaborates only one hormone which suffices to maintain
all the normal functions of the organism.

They found

that the administration of cortical extracts in amounts
ten times as great

as was necessary to maintain life in

the adrenalectomized animal h~d no effect on the reproductive system.

They feel that the effects seen in the

adrenogenital syndrome are due to tissue functionally
distinct from the remainder of the cortex, and that this
tissue does not cause precocious development of the re-
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productive system but only a masculinlzation (142).
The previously mentioned volume of work would
seem to disprove this idea.

Most workers have explained

the conflicting results of these experiments as due to
the fact th~t either the extract was not of sufficient
potency or there was an admixture of both male and

Ii
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female hormones whose effect was neutral.
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In summary, 1 t appears thA,t we have shown the
adrenal gland to have certain definite effects -0n the
sexual functions of the organism.

We have been able

to isolate seve~al androgenic hormones from the adrenal.
We have shown that both esterone and progesterone are
produced by the cortex, and that there is a gonadotropic
sub~tance in the adrenal capable of stimulating both
male and female gonads.
It has been shown that the adrenal contains
an activator of androgenic hormones.

We have also shown

the close relation between certain sex hormones and
Kende.11 1 s compound

11

E11 •

The idea ha.s been entertained

that all these compounds and also the various sex hormones come from a common hypothetical precursor found
in the pi tu1 tary, p.robably a pregnadiene.

This material

~ight be supplied to the adrenals, ovaries and testes
for the production of specific hormones, and that part

t'

63.

SEX AND GROWTH FACTORS OF THE ADRENAL CORTEX
of the function of the ascorbic acid found in the adrenals is to reduce it to gjve the steroidal hormones.
The explanation of the observed clinical symptoms of various pathological states of the adrenal is
largely speculative.

It is not unlikely that in normal

physiology the adrenal acts as a check on and in conjunction with the other endocrines governing sex function.
In the oresence of tumors, it is probable that there is
an over-balance of the opposing factors of the adrenal
which causes a reversal of the usual dominant sex pattern.

We must, of course, recall also that some abnor-

mal sexual fractions have been isolated from the gland
in pathological states.
There is considerable evidence to suggest that
the adrenal may have some effect on lactation. Brownell
reported that the material chilled out of whole cortical
extract between 3° and -12°
essary for milk production.

c.

contains a substance nec-

They report that if an ex-

tract of this material is added to cortin and injected
into ad.renalectomized mother rats, they raise a much
larger proportion of their young (143).
Nelson and Gaunt report, es a result of several
diffe~ent types of experiments, th~t adrenal cortical
hormone is necessary for milk production, and that the
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disturbance of cortical function produced by hypophysectomy or adrenalectomy prevents the initiation of lactation in the guinea pig (14-4-).

Prolactin does not initi-

ate lactation in the hypophysectomized animal, unless
either adrenotropin or a cortical extract is also given.
Lactation is also enhanced by administration of sodium
salts, the effects of which are know to increase the
efficiency of cortical function.
It is, however, possible that the observed
effects may also be due in part to a mixture of the
various sterols of the adrenal cortex.

Iii
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There are some experimental observations, as
well as clinical experience, which would indicate that
the adrenal cortex has an influence on growth.

Fitz-

hugh reports that cortical extract is capable of stimulating growth in immature albino rats.

Female animals

that are treated with extract show a greater increase
in body weight than do their male litter mates (126).
This work has been both confirmed and denied by other
workers.

Adrenalectomy retards the growth of the animal,

and it is especially pronounced in the young animal.
It has been observed clinically that wound healing and
the repair of fractures proceeds slowly in cases of
adrenal insufficiency.
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However, since this observed effect is very
likely due to the general disturbance in metabolism,
most of the present day experimental work does not add
much positive evidence to the point in question.

We can

only conclude at the present time that this question is
deserving of fu!>ther investigation.
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There is a large volume of clinical and experimental data which seems to indicate that the adrenal
cortex may play a specific protective role in the organ-

jsm.

Again, it would seem reasonable that adrenalectomy

and all of the general metabolic disturbances which accompany it would of itself lower the animal's resistance
to noxious influences in its environment.

It is, there-

fore vital that we recognize as protective effects only
those Pffects which are not secondary to other profound
disturbances.

For this reason the experimental data

which will be presented will be only that in which the
workers have shown the observed effect to be not dependent upon some other primary function.
The effects of adrenalectomy on the susceptibility of the animal to bacterial intoxication has bem
studied for some time.

Experiments have been co~cucted

using both the bacterial organisms and their specific
toxic substances.
Belding and Wyman observed that rats, two to
three weeks after bilateral adrenalectomy, were aooroximately two and one-half times as susceptible to diphtheria toxin as normal rats.

Suprarenalectomized rats, four

hours after receiving an intraperitoneal injection of
diphtheria toxin equivalent to 1 M.L.D. per gm. of body
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weight, have
normal rats.

2.75 times as much toxin in the blood as
They conclude that adrenalectomy apparent-

ly renders less effective the normal mechanism of the
rat for the elimination or destruction of diphtheria
toxin (145).

This effect was also observed by Lewis and

several others (146).
Zwemer has tested the ability of various adrenal cortical extracts to increase the resistance of the

tissues to diphtheria toxin, both in vivo and in vitro.
He found that ~drenal cortical extracts were capable of
increasing tissue resistance in both cases.

He found

that the active fractions did not contain a specific
antitoxic substance, but rather seemed to work by der.reasing the permeability of the cells to the toxin.
After use of the cortical extract, he observed an increased cellular resistance lasting from three to five
days (147).
Steinbach has shown that adrenalectomy in
white rats increases their susceptibility to avian strains
of the tubercle bacillus (14t).

Pottenger and Pottenger

have shown that adrenal cortical extracts increase the
resistance of normal rats to tuberculosis.

They have

further shown that adrenal extracts have an inhibiting
influence on tuberculosis 1n guinea pigs.

It further
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was found that infection, when r,resent in the treated
animals, differed from that in untreated animals in that
it was milder and less extensive (149).
Similar results have been obtained with typhoid,
B. coli infection, dysentery and numerous other bacterial diseases.

The type of infection is not important,

for the lowered resistance in cortical insufficieny, as
well as the increased resistance conferred by cortical
extracts, is nonspecific.
As far back as 1921 Guenther observed a depression of antibody production in partially adrenalectomized guinea pigs (150).

Jaffe and Marine have reported

that the production of agglutins and opsonins 1s depresAed following adrenalectomy (151).

Fox has shown that the immunization of animals
to toxins and other antigens produces hyperplasia of the
cortex with a concomitant increase in the cortical
lipoids.

Hemolysin titres of extract treated animals

were 4-o to 70 percent higher than the \lntreated controls
and 70 to 130 percent higher in animals receiving inactivated extract (152).
There have been a small number of clinical experiments which would further serve to add support to
the above contention.

There is a report in the literature
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of fifteen cases of enteric fever, (7 typhoid, Sparatyphoid), treated with coTtical extract and vitamin

c.

In all but one case immediate improvement followed.
Similar good results were found in the case of B. coli
infections (153).

Greene reports the use of adrenal

cortical extracts in the treatment of upper respiratory
infections, colds, influenza, and in postinfluenzal
asthenia.

He noted marked improvement in the patient's

condition in all of these diseases (154).

Whithead

reports the use of adrenal extracts in a number of bacterial infections, and concludes that the extracts seem
to increase the resistance of the human body to bacterial intoxications (155).
The exact mechanism whereby the adrenal cortex
protects the animal in this manner is not known.

Cer-

tain it is that some of the effect is based on the ability of the cortex to maintain a normal metabolic status.
However, since it has been demonstrated that in normal
animals the resistance to toxins can be increased by
cortical extracts, it would seem that there is some specific protective effect attributable to the adrenal co·rtex.
Goldzieher hA.S proposed the idea that the effect depends
to a considerable degree upon the stimulation of the
reticule-endothelial system.

He has shown that the
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latter is stimulated by various hormones and particularly by cortical extracts, by the use of cholesterol, India
ink or dyes as tags for the stimulated reticulo-endothelial cells ( 157).
It seems that the adrenal is also important
in protecting the animal against certa1.n endogenous substances which may have toxic effect.
Scott observed in 192g that the resistance of
rats to histamine intoxication greatly diminished after
adrenalectomy ( 15s).

Wyman lat.er observed this effect,

but since he was able to partially relieve the symptoms
with adrenalin, he concluded that the effect was medullary and not cortical (159).

Ingle, however, has con-

ducted experiments in which both the effect of the cortex and medulla have been measured.

He concluded that,

although there is no doubt of the importance of the medullary hor-mone in the prevention of ana.phylactic shock,
. the cortical hormone seemed to have the greatest~ffect
(160).

It has been shown by several workers that the

prior administration of adrenal cortical extracts will
decrease the severity of anaphylactic shock (161).
Kanaday has shown that, if animals are adrenalectomized, maintained on a standard d1et and given normal saline to drink, there occurs a diminution of the
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histaminase content of the lung.

If water is substituted

for the saline, an even greater diminution occurs.

The

diminution of the histaminase content of the lung t1Rrue
of the adrenalectomized rat may be restored to within
normal limits by the administration of adequate amounts
of cortin {162).
A similar effect may be observed in the case
of surgical shock.

Swingle and his workers have shown

that desoxycorticosterone acetate successfully protected
the adrenalectomized dog against circulatory collapse
and shock following intra.peritoneal injection of isotonic
glucose solution, the injection of large amounts of epinephrine and trauma to muscle masses (163).
We have previously mentioned the observed fall
in body temperature in adrenalectomized animals and their
extreme susceptibility to low or high temperatures.

Some

workers have viewed this as another protective influence
of the cortex, though the obvious conclusion would suggest that the observed effect was due to the other primary metabolic disturbances.

Tyslow1tz has shown that

pituitary or adrenal cortical extracts increase the cold
resistance of young rats when administered from 1 hour
to 14 days prior to exposure.

These were ineffective in

absence of adrenals, but were active after thyroidectomy.
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Adrenal extracts worked in these animals and in thyroidectomized and adrenalectomized animals (164).

From this

and other experiments it would seem that this also may
have some importance as adrenocortical protection, as
well as other ways in which the cortex seems to adapt
man more perfectly to his environment.
Altitude is another environmental factor in
which the adrenal may be of some significance.

The

response of the individual to atmospheric rarefaction
or to an environment of low oxygen tension seems to be
intimately concerned with adrenal function.
Goldzieher first called attention to the role
of cortical function in the utilization of oxygen as
demonstrated by the respiratory disturbances which follow
destruction of the adrenals by hemorrhage in the newborn.
He interp~eted the excessive size of the fetal adrenal
as a.n adaptation to the low oxygen tension of fetal
bl~od.

The arterial blood of the fetus is only 63 per-

cent saturated with oxygen, as compared to a saturation
of 95 percent of the maternal blood.

Survival and growth

of the fetus demands adaptation to the dearth of oxygen;
as a result of which the fetus is able to utilize 75 percent of the available oxygen, whereas the maternal tissues utilize only 31 percent (165)e

Goldzieher reported

three cases of cardiac malformation in infants in wh:tch
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physiological involution fR.iled to occur (104).
Evans observed that the blood glucose and
liver glycogen increased strikingly in ~ats exposed to
low oxygen tension.

This phenomenon di~ not occur in

the absence of the adrenal cortex (166).
Recently it has been reported that hypertrophy
of the adrenR.ls occurred in rabbits which were exposed
repeatedly to low atmospheric pressure.

Furthermore, it

has been suggested that the asthenia and hypotension
which have been noted in aviators who have served continuously as pilots bear a resemblance to the clinical
syndrome associated with adrenal cortical insufficiency

(167).
It is apparent that lack of oxygen over short
periods of ti~e may stimulate adrenal hypertrophy, but
degenerative changes may develop instead of hypertrophy
if the exposure is prolonged or repeated too oftena
Lewis has shown that during the initial phase
of anoxia there appears to be an incre~sed utilization
of carbohydrate.

A normal blood glucose level is main-

tained at the expense of liver glycogen stores.

Success-

-ful adaptation to continued exposure to low oxygen tenRion depends in part upon an increase in protein cata-

holism with a subsequent rise in carbohydrate stores and

74-.

PROTECTIVE EFFECTS OF THE ADRENAL CORTEX
increase in nitrogen excretion.

These changes do not

occur in the absence of the adrenal cortex.

Acute anoxia

is accompanied by a rise in the chloridP ion concentration of the serum and by a fall in the hydrogen ion concentration in the blood.

Prolonged anoxia leads to a

marked increase in the renal excretion of sodium, chloride and potassium.

The increase in potassium excretion

appears to be accounted for principally by factors other
than the adrenal cortex, whereas, the increase in sodium
and chloride excretion appears to be mediated by the
"carbohydrate-regulating" factor of thA adrenal cortex

(16S).
This, however, may not represent the exact manner in which the lack of oxygen activates the adrenals.
Some workers think that the adrenals are activiated by
the change in the acid-base balance as a result of hyperventilation.

Others feel that the increased response of

the adrenals represents a direct answer to the difficulties which the cells of the body are f4ced with in the
uptake of oxygen, regardless of whether these difficulties are due to an actu~l shortage of oxygen or to an
interference with the function of the comolex systems
of respiratory enzymes.
these speculations, however, should not be igno.red, and
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conclusions drawn from theoretical reasoning deserve an
empirical trial.
As a final consideration of the protective
effects of the adrenal cortex, it would appear that the
cortex stores certain substances, such as sulfur compounds,
lipoids, and vitamins for the protection of its own hormonal products.
We have mentioned in the section on fat metaholism the storage of fats and particularly cholesterol
in the adrenal gland.

It has been suggested that these

fats are the probable source of new material for the
cortical lipoids.
We have previously mentioned the presence of
high concentration of ascorbic acid in the adrenal gland
and its possible function as an oxidative enzyme in the
production of cortical hormones.

We have also referred

to the apparent synergism between ascorbic acid and the
cortical hormone in the treatment of certain deficient
states.

New studies are now coming to light which seem

to show some relationship between the B complex group
and the adrenal.

Time does not here permit the enumera-

tion of the studies done on this point; suffice it to say,
the futu~e work will probably be very illuminating and
of no small practical importance.
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Of the sulfur compounds, we have previously
mentioned the high content of glutathione in the adrenal
and its possible implications.

Choline is another sub-

stance in which the adrenal cortex is particularly rich.
Nothing of the original work on this pe.rticular subject
apoears 1n the American literature, so we shall merely
give brief mention to some of the possible implications
of this situation.

This may be looked upon as a source

of acetylcholine for stimulation of medullary function.

On the other hand, the presence of large amounts of
acetylcholine in ~he cortex may represent a homeostatic
mechanism to balance the flow of adrenalin from the
medulla.
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To round out our understandtng of the function
of the adrenal cortex, it is necessary to understand the
mechanism whereby the secretion of the cortical hormone
1s brought about and regulated.

We do not have a work-

able method for an exact quantitative study of the function of the gland.

We must, therefore, rely l,9.rgely

uoon the appearance of the gland to determine its present or previous functional state.

In this we are able

to observe the size of the gland, the histological
appearance of the secretory cells, and the amount of
blood circulating through the organ.
It seems that we are able to roughly classify

i
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the types of stimuli which give rise to cortical function.
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Several such arrangements are found in the literature.
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As the result of noting the various factors found in the
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literature, which seem to give rise to increased cortical function, we shall divide these types into three

groups:

adverse environmental influences, protein break-

down products, and the influence of the other endocrine
glands.
In the previous section, we have mentioned the
effect of low concentrations of oxygen as a stimulation
of cortical hypertrophy.

We have mentioned the cortical

hypertrophy seen in certain vitamjn deficiency states,

I.'

i

I
!
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which may well represent the effect of a primary depression of tissue respiration on the cortex.
s,hmidt and Schmidt have demonstrated the
effect of temperature and humidity uoon adrenal structure.

Male and female guinea pigs were exposed to high

humidity for two to four weeks.

There was an increase

in the degree of mitotic activity of the cortex.

This

was more marked in animals exposed to low environmental
temperatures.

Exposure to a temperature of 30° C. for

two to four weeks suppressed mitotic activity in both
sexes (169).

The temperature effect here may again be

due to a demand for increased cellular oxidation in the
organism.
Whitehead and others have shown thA.t the injection of peptone rapidly elicits an increase in cortical si~e (170).
Numerous toxic substances have been shown to
be capable of stimulation of adrenal function.

They

include heavy metals, alkaloids, benzene ring compounds,
ammonia and bacteri.al toxins.

It is postulated that

perhaps the mode of stimulation in all of these cases is
the result of the breakdown of protein caused by these
toxins.
There is an enlargement of the adrenal follow-
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ing shock; this may be related to the concomitant increase of amino-acid nitrogen in the blood.
Seyle has described what he calls an alarm reaction, a nonspecific reaction of the organism to damage,
as such.

The main symptoms are adrenal enlargement, in-

volution of lymphatic organs, degeneration and death of
cells in various tissues, ulcer formation in the gastrointestinal tract and edema formation.

These symptoms

are the same whatever the specific nature of the damaging agent may be.

Experiments show that, if continuous-

ly exposed to the stimulus, adaptatio~ will develop.
This adaptation is lost after some time.

Adrenalectomy

prevents the involution of the lymphatic organs, but
facilitates the production of all other symptoms. •We
might infer from this that the adrenal is essential in
the reaction of adaptation, and that the Atimulation is
brought about through the protein breakdown (171).
We have mentioned that various natural and
synthetic hormone substances may give rise to increased
cortical function.
Bourne and Zuckerman have sh()Wn thA t the mean
adrenal weight is greater in the oestrus than nonoestrus
animals; adrenal also increases in size in the oestrus
phase of the artificial threshold cycle.

The medulla
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stays the same, the increased size of the gland is due
to growth in the cortex (172).
Hall and Korenchevsky have s:iown that in the
male castrated rat the adrenal is hypertophied.

The in-

jection of all male sexual hormones showed a regression
of the gland toward normaL.
The effects of the female sex hormone are not
clear and there are conflicting reports in the literature.

Bourne and Zuckerman report that the injection of

estrogens in small doses caus~ adrenal hypertrophy, in
large doses involution of the cortex was noted (172).
Maz~r and Maz~r have shown that the prolonged
administration of tP-stosterone propionate causes a decrease in the weight of the pituitary, adrenals, ovaries
and uterine size.
There 1s a great deal of material in the literature showing the stimulating effect of the thyroid hormone on the adrenal cortex.

Ingle and Higgins have shown

that when one adrenal gland is present and the other
enucleated, the administration of thyroxine causes an
extensive cortical proliferation in the intact gland.
Although histologically, there is an increase in the
extent of the zona glomerulosa in the enucleated gland
of the thyroxine-treated animals with an intact right

Sl.

THE STIMULATION AND CONTROL OF CORTICAL FUNCTION
adrenal, yet there were no significant differences between the weights of the enucleated glands of treated
and control animals.

When an adrenal gland is removed,

the extent of regeneration in the enucleated gland of
thyroxine-treated animals exceeds by far the extent in
enucleated glands of untreated controls (174).
Lowenstein ana Zwemer have shown that the
cortical involution produced in rats by small daily
doses of desoxycorticosterone acetate can be prevented
by the simultaneouG administration of small doses of
thyroid extract.

Larger doses of thyroid extract caused

involution of the gland.

They were further able to show

that in animals in which the dosage of the two drugs had
been carefully regulated, they were able to maintain
potassium tolerance on a level with untreated controls

( 175).
Schmidt and Schmidt have shown that the administration of thyroid extract to animal9 exposed to low
environmental temperatures facilitates the adrenal hypertrophy seen in these animals (169).
Rosen and Marine have shown that the thyroid
gland clearly plays an important part 1n the hypertrophy
of the adrenal cortex induced by anterior pituitary extracts.

Administration of thyroid extract or thyroxin
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emphasizes this relation of thyroid to adrenals (176).
It appears that in many animals the administration of insulin gives rise to cortical hypertrophy.

In

1926 Thatcher showed that the administration of insulin
over long periods of tir?B did not produce any cortical
hypertrophy.
Riddle, however, has shown that in pigeons the
administ~ation of single heavy doses, or repeated less
heavy doses,of insulin usually results in suprarenal
enlargement which is measurable by weighing.

Such in-

sulin administration is accompanied by increased secretion of cortical hormone (177).
That the pituitary is one of the largest fa.ctors in the control of cortical function has perhaps now
become evident from what has been ss,ic of this relation
in previous sections.

The previous mention of the facil-

itation of cortical hypertrophy as produced by the administration of anterior pituitary extract might lead one
to think that pituitary stimub tion of the adrenals depended upon thyroid function.

Miller and Riddle have

shown, however, that the abi!ity of pituitary extract to
stimulate cortical tissue is independent of their pro~
lactin, F.S.H., or thyrotropin potencies (17~).

I
!iI

Collip

has described a method of prepnration and assay of the

Ii

ij
jll,,

I
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adrenatropic fraction of the pituitary (179}.
From the experiments which we have described
in previous sections we see that probably one of the
most important controlling factors of cortical function
is the anterior lobe of the pituitary gland.

We have

seen that the pituitary must be present for response to
many.such stimuli as estrogen, toxin, thyroid, etc.

We

have further seen that the compensating hypertrophy that
takes place in one gland following partial adrenalectomy
does not take pla.ce in the absence of the pituitary.
On the other hand, we have seen that the
adrenal is capable of carrying out many of its functions
in relative independence of the pituitary.

We have

noted in clinical cases of severe hypopituitary states,
that in the late stages of this condition carbohydrate
and protein metabolism is affected, whereas the ch~.nges
of the electrolyte balance take place as a terminal event
or not at all.

We have given previous mention to this

uoint in earlier sections of this paper.
It would seem that other fractions of the pituitary are also responsible for the maintainance of normal
pituitary function.

Noble has shown tha.t the addition

of the remainder of the pituitary extract has an augmenting effect on the stimulation of the cortex by injection

I:

~

I
11.

l
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of adrenotrop1c extracts {1$0).

A similar effect is ob-

~erved by Gusman in noting the synergism between the
pituitary and chorionic gonadotropin (181).

s5.

SUMMARY AND CONCLUSIONS
In this paper we have attempted to determine
the primary functions of the adrenal cortex.

In this

gland, as in any other gland of internal secretion, the
functions are closely interrelated to the functions of
the other glands.

It is also true tha~ from our obser-

vations on experimental animals, it is difficult to
determine by the methods at hand which of the body processes, in which there are observed changes, are primarily related to adrenal function and which are disturbed only secondarily.

This discussion has beoo. ar-

ranged under the separate observed functions of the cortex.

We have found the cortex to have a fundamental con-

trolling influence on water and electrolyte balance,
organic metabolism, sexual functions and growth, and in
the adaptation of the animal to changing environmental
circumstances.

It is not impossible that certain of

these groups may be intimately related to others and
that some of them may be merely secondary manifestations
of some primary disturbance.
It is apparent that the adrenal cortex controls
the permeability of all the cellular membranes in the
body.

In this respect it maintains the normal concentra-

tions of various electrolytes in the cell3, interstitial
spaces and in plasma.

In the presence of normal amounts

S6.

SUMMARY AND CONCLUSIONS
of the cortical hormone, these subst~nces are kept in
proper relation to each other in the body stores.

The

hormone encourages relatively high potassium concentrations and low sodium concentrations in the cells and
encourages the opposite situation in the blood and plasma.
A

deficiency of the hormone causes the loss of this dif-

ferential permeability of the various cellular and vascular membranes.

It has another important function in

respect to maintenance of water and electrolyte balance.
In addition to its effect on the permeability of the
glomerulus, which 1s probably not of prime importance,
the cortical hormone seems to control differential reabsorption of electrolytes from the kidney.

The cortical

hormone encourages the reabsorption of sodium and inhibits the reabsorption of potassium.

All other effects

on water and electrolytes of hyper or hypofunction of
the adrenal, as we have previously mentioned, are due
to derangement of these primary effects of the cortical
hormone.
It appears that the adrenal is essential for
the maintenance of normal blood glucose levels.

The

adrenal opposes the pancreas in many respects in this
function.

It seems to depress the oxldation of glucose

hy the muscles and tiseueA and encourages gluconeogenesis
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by increased protein catabolism.

In this latter func-

tion it is able to maintain normal glycogen stores in
the liver and maintain normal blood glucose level.
These effects seem to be primary and are not dependent
upon the status of the water and electrolyte balance.
The ad~enal hormone seems to be necessary for
the efficient deamination and subsequent breakdown of
protein by the liver and kidney.

The data seems to in-

dicate that the adrenal is a factor in the control of
the albumin-globulin ration of the blood, without it
the albumtn falls and the globulin rises.

This effect

may be secondary to the previously mentioned control of
protein catabolism.
The adrenal cortex is necessary for the proper
absorption of fats from the intestine; this may be due
to the fa~t that it encourages phosphorylation of fatty
acids.

The cortical hormone is essential for the proper

storage of fat in the liver and other body stores.

It

is necessary for the proper mobilization of fats from
the body stores and their transport in the blood stream.
The cortical hormone seems to be necessary for the production of ketone bodies by the liver.

This effect may

be secondary to its anti-insulin activity.
We have been able to show the isolation of
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several sexual hormones from the cortical extracts.
There are several androgenic substances a.nd esterone
and progesterone which can be isolated from whole cortical extracts.

There is a gonadotropic substance in the

adrenal capable of stimulating both malfl and female
gonads.

The adrenal also contains an activation of male

sex hormone.

We have mentioned the chemical relation

between the sex hormones and the many implications of
this relationship.

It is possible that the adrenal in

normal physiology exercises a restraining control over
the excessive production of the sex hormones of the
dominant sex pattern of the individual.
There is a lactogenic substance produced by
the cortex which may or ma.y not be important in the
normal physiology of lactation.
It seems that the adrenal is necessary for

growth and maturation, though the possibilities that
this effect is secondary to the ot~er orimary functions
is good.
We have mentioned numerous ways in which the

adrenal seems to be essential to the adaptation of the
organism to changes in the external and internal environment and various noxious influences.

We have men-

tioned the possible mechanisms by which these several
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functions are carried out, but it is not unlikely thP.t
they are all secondary to some primary function.
It is possible that all the observed effects
mentioned above are secondary to the action of the cortical hormone as an enzyme which is essential to efficient
cellular metabolism in all of the body cells.
In normal metabolism it appears that the
function of the adrenal is largely under the control of
the pituitary.

However, it has also been shown to be

autonomous in many of its functions.

It seems that part

of the stimulation of cortical function results directly
from some changes in endocrine substanoes or met.4bol1tes
in the body which would otherwise imperil the well being
of the organism.
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